How weathering affects the physiochemical properties of biochar and its long-term carbon (C) sequestration potential remains unclear. In this study, we measured changes in biochar recalcitrance and solubility after 7 years of weathering in a cultivated field. Biochar recalcitrance and biodegradability of weathered and unweathered hardwood biochar mixtures were determined by thermal analysis (differential scanning calorimetry) and evolved gas analysis. Differences in biochar solubility and the chemical composition of biochar-derived dissolved organic carbon (DOC) were determined by repeated laboratory leaching and UV-Vis spectroscopy. The surface carbon-oxidation state (C ox ) of biochar increased by 117.6-158.2% with weathering in the field, and there was an average of 0.9-1.2% decrease in biochar C contents per year. However, thermal indices of biochar recalcitrance and biodegradability, which suggested intermediate C sequestration potential, were not significantly different between weathered and unweathered biochars. The O:C ratio increased with weathering suggesting an increase in biodegradability, however, both weathered and unweathered biochars were still estimated to have half-lives of over 1000 years. Water-soluble organic carbon (WSOC) concentrations from the unweathered biochar rapidly decreased during laboratory leaching to levels similar to the field-weathered biochars, and aromaticity (SUVA 254 ) of WSOC increased from 5.9% in the unweathered biochar to 42% aromaticity in the biochars weathered for 7 years. We conclude that during short-term (years) weathering under field conditions, there is continued solubilization of increasingly aromatic biochar-C compounds, however, this accounts for a relatively small proportion of biochar C such that there is little-to-no change in biochar stability or C sequestration potential after field application.
Introduction
Pyrogenic organic matter (PyOM) is formed both naturally during vegetation fires and anthropogenically during biochar production through the incomplete combustion of biomass (Santin et al. 2016) , and exists as a continuum of carbonrich, organic structures ranging from partially charred vegetal biomass to charcoal to soot (Schmidt and Noack 2000) . Because of its heterogeneous and complex chemical composition, consisting of a high proportion of relatively Mukherjee et al. 2014) , resulting in changes in its elemental composition (Dong et al. 2017) , solubility (Lehmann et al. 2005) , and surface reactivity (absorption/desorption of nutrients and contaminants) with weathering time. It is estimated that the majority of PyOM (> 90%) experiences delayed transference to aquatic environments due to "preageing" and weathering on millennial timescales in soils (Hanke et al. 2017) . In particular, the importance of dissolved PyOM (DPyOM) is gaining recognition as substantial amounts of PyOM have been found in riverine and oceanic dissolved organic matter (Abiven et al. 2011) , thus contributing to overall soil C losses as well as the potential translocation of nutrients and contaminants (Liu et al. 2019) . It is estimated that DPyOM comprises 10% of total dissolved organic carbon (DOC) in surface waters globally (Jaffe et al. 2013 ). However, it remains unclear how much of PyOM is initially soluble or becomes soluble with weathering in the soil environment (Santin et al. 2016) or how weathering affects the stability of PyOM.
The effects of weathering on biochar properties have only been studied in a few relatively long-term laboratory incubations and fewer field experiments (both usually lasting less than 3 years). The goal of this study is to compare the effects of 7 years of field weathering in a cultivated soil on biochar physicochemical properties, in particular biochar recalcitrance and solubility. We hypothesize that due to the decomposition and translocation (leaching) of the more labile fraction of biochar during weathering, (1) weathered biochars will be more recalcitrant (less biodegradable) relative to unweathered biochars, and that (2) weathered biochars will be less soluble than unweathered biochar (i.e., the amount of organic C solubilized will be decreased over time).
Materials and methods

Biochar field weathering
Field-weathered biochar samples were collected from the Long-term Biochar Agronomic (LTBA) Field Trial at Bangor University in Abergwyngregyn, Wales (53°14′ N, 4°01′ W). The soil at this site is a sandy clay loam textured, freely draining Eutric Cambisol (Typic Hapludalf). Mixed-hardwood biochar consisting of mechanically chipped trunks and large branches of Fraxinus excelsior L. (European ash), Fagus sylvatica L. (European beech) and Quercus robur L. (English oak) pyrolyzed at 450 °C for 48 h (BioRegional HomeGrown ® ) was added to the soil surface and power harrowed into the soil in a randomized block design field trial in an existing agricultural field at three rates in 2009 (0, 25, and 50 t/ha). The plot size was 6 m × 3 m. In 2011, the plots were split and given a second biochar application, for a total of five treatments (0, 25, 25 + 25, 50, 50 + 50 t/ha) non-reactive carbon (C), PyOM is widely acknowledged as a global C sink (Masiello 2004) and plays an important role in global C cycling, contributing to atmospheric, oceanic, and terrestrial C pools. PyOM in soils has received increasing attention because of current and projected increases in fire frequency and severity (Flannigan et al. 2000) . PyOM (specifically biochar) is also being proposed as a method for soil C sequestration (Li et al. 2014; Nguyen and Lehmann 2009; Whitman et al. 2014) , increasing crop fertility (Novak et al. 2009; Van Zwieten et al. 2010) , improving nutrient availability (Glaser et al. 2002; Lehmann and Joseph 2015) , mitigating greenhouse gas emissions (Case et al. 2014; Cayuela et al. 2013; Mohammadi et al. 2016; Sun et al. 2019) , and as a method for environmental remediation of organic contaminants, heavy metals, and environmental toxins (Ahmad et al. 2014; Lehmann and Joseph 2015; Zama et al. 2018) .
Predicting the physiochemical changes in PyOM (either naturally or intentionally deposited on the soil surface) during weathering (or aging) is crucial for understanding the extent of its benefits to C sequestration, agriculture, and environmental remediation in both natural and anthropogenically altered soil systems. The use of biochar as a C sequestration mechanism assumes that this relatively non-reactive C can persist in soils for hundreds or thousands of years compared to non-pyrolyzed OM, which has much faster turnover rates on decadal time scales (Carvalhais et al. 2014; de la Rosa et al. 2018; Hammes et al. 2008; Leng et al. 2019; Liang et al. 2008 ). However, the fate of PyOM in and on the soil landscape and its impact on soil functioning remains contested as PyOM is no longer accepted to be an inert pool of soil organic C (Skjemstad et al. 2004) , but contributes to both labile (reactive) and refractory (stable) C pools (Czimczik and Masiello 2007) . It is now clear that PyOM is degraded and transported in the soil system through a combination of physical (Hammes and Schmidt 2009; Lehmann et al. 2003) , chemical (Cheng et al. 2006; Lehmann et al. 2005) , and biological (Cheng et al. 2006; Kuzyakov et al. 2009 ) weathering processes. Additionally, the C sequestration potential has been demonstrated to vary with PyOM characteristics [i.e., feedstock and pyrolysis conditions (Heitkotter and Marschner 2015; Zimmerman 2010) ]. PyOM C sequestration potential is expected to also vary with differences in environmental conditions, which can affect biochar weathering rates, extents, and processes (the physical breakdown of biochar particles, surface oxidation, and the sorption/desorption of minerals, soil organic matter, and nutrients). However, while much recent research has improved our understanding of the effects of pyrolysis conditions and feedstock on PyOM stability, our understanding of the impact of environmental conditions and weathering on the stability of PyOM is far less developed.
PyOM undergoes a variety of physical and chemical changes during weathering. In the soil, biochar can be physically disintegrated and slowly oxidized (Lin et al. 2012;  1 3 with four field replicates of each treatment. Crops grown at the field trial include forage maize (Zea mays L.), winter field beans (Vicia faba L.), and barley (Hordeum vulgare L.). All crops received fertilizer at standard rates following national guidelines (AHDB 2018): ca. 60 kg K/ha, 30 kg P/ha, 120 kg N/ha. The field beans received no N. N was added as NH 4 NO 3 , P as triple super phosphate, and K as KCl. Additional information about biochar characteristics, climate, soil characteristics, experimental design and layout, crops grown, fertilization regimes, etc. can be found in Jones et al. (2012) and Quilliam et al. (2012) .
Surface soils (0-5 cm) from two field replicates from each of the five treatments were sampled from the center of each plot using a 5 cm diameter stainless steel corer for this study in 2016. An aliquot of the original unweathered biochar was also provided. This had been stored in an air-dry state in a large sealed plastic container at 20 °C. Upon collection, the surface soils were air dried and visible biochar particles (approximately 2 g from each soil sample) were hand-picked from the soils with forceps. Weathered biochar particles were gently cleaned using a soft brush and dental pick to remove soil particles as in Abiven et al. (2011) . The unweathered and field-weathered biochars were homogenized by grinding to pass through a 1 mm sieve prior to further analysis. Biochar composite samples (n = 4) picked from the single application treatments (25 and 50 t/ha) in 2009 are referred to as "7 year weathered biochars." Biochar composite samples (n = 4) from the double application treatments (25 + 25 and 50 + 50 t/ha) in 2009 and 2011 are referred to as "5-7 year weathered biochars", as at the time of sampling, this double application resulted in a mixture of biochars that had been weathered for 7 years and biochars weathered for 5 years.
Elemental and thermal analyses
Homogenized biochar samples were analyzed for total C and nitrogen (N) concentrations in triplicate, and for total hydrogen (H) and oxygen (O) concentrations in duplicate using a Costech ECS 4010 CHNSO elemental analyzer (EA) with zero blank autosampler (Costech Analytical Technologies, Valencia, USA). Oxygen content was calculated as the difference between the sum of C, H, N, and ash contents and unity for each biochar sample.
The carbon-oxidation state (C ox ) of each biochar sample was determined using Eq. 1 from Masiello et al. (2008) , assuming negligible amounts of sulfur and the following oxidation states: H = 1, O = − 2, and N = − 3.
Thermal analyses were performed by ramped combustion using a Netzsch STA 449PC Jupiter simultaneous
(1)
thermal analyzer equipped with an automatic sample carrier (ASC) and a type-S platinum/rhodium (Pt/PtRh) sample carrier (Netzsch-Gerätebau GmbH, Selb, Germany). Two aliquots of the unweathered biochar sample and a single aliquot of the weathered biochars from each field replicate were combusted. Approximately, 3 mg of each sample was heated from ambient temperature (25 °C) to 105 °C at 10 °C min −1 under an oxidizing atmosphere of 40 mL min −1 of CO 2 -free synthetic air (20% O 2 and N 2 balance). Samples were held at 105 °C for 15 min to allow for drying/moisture equilibration, then heated at 10 °C min −1 -800 °C. Evolved CO 2 was analyzed using a coupled LICOR LI-820 infrared gas analyzer. Differential scanning calorimetry (DSC) heat flux (the exothermic or endothermic energy flux from the sample, referenced to an empty Pt/Rh crucible), thermogravimetric (TG) mass loss, and evolved CO 2 gas (CO-2− -EGA) signals were recorded every second. In addition to the use of an instrumental crucible correction run, DSC and CO 2 baselines were corrected a posteriori using the base R package and the smooth.spline() function using a spline and linear baseline, respectively (refer to Plante et al. (2011) for additional information on baseline corrections). Integration of the exothermic DSC peak representing biochar combustion was also performed using the base R package and the sintergral() function. Total exothermic energy content (mJ) was determined by integrating the DSC heat flux (mW) over the exothermic region 190-600 °C. TG mass loss was determined for the same range. Energy density (ED, in J mg −1 OM) was thus determined by dividing energy content by TG mass loss (Plante et al. 2011; Rovira et al. 2008) . Activation energy (E a , in kJ mol −1 CO 2 ) was determined following the methods of Williams et al. (2014) , assuming first-order reaction kinetics during ramped combustion, and described in further detail in Williams et al. (2018) . The return-onenergy-investment (ROI) ratio (Harvey et al. 2016 ) which has been demonstrated to be directly related to the biodegradability of pyrogenic organic matter was calculated for each biochar sample by dividing ED by E a . Greater ROI values correspond to greater biodegradability of pyrogenic materials. A biochar recalcitrance parameter (R 50 ) (Harvey et al. 2012 ) was calculated by dividing the TG-T 50 of the biochar by the TG-T 50 of graphite (Alfa Aesar, 99.9995%), where TG-T 50 is the temperature at which 50% of the initial mass has been lost. Lower R 50 values correspond to higher recalcitrance (approaching that of graphite) and greater C sequestration potential.
Biochar leaching
Approximately, 0.5 mg of biochar was placed in a pre-acidwashed 50 mL centrifuge tube with 25 mL of DI water and shaken horizontally on a mechanical platform shaker (low speed) for 6 h. The suspension was then vacuum filtered through a 0.45 µm membrane filter (Whatman HVLP04700) and rinsed with an additional 15 mL of DI water. The biochar leachate was collected in a second centrifuge tube and kept at 4 °C until further analysis. The remaining solid biochar was air dried at room temperature for 48 h and leached again two times following the same methods, for a total of three leachings.
Dissolved organic carbon and nitrogen analysis
Dissolved organic carbon (DOC) content (mg L −1 ) in each biochar leachate was measured using a Hach DR 6000 UV-Vis spectrophotometer and a persulfate digestion method (Hach Company, method 10173). Blanks of DI water were used as reference and were automatically subtracted from sample measurements. The water-soluble organic carbon (WSOC, mg g −1 ) contents of the biochars were calculated using the following equation from Jamieson et al. (2014): in which, V is the total volume (L) of the leachate, C is the DOC (mg L −1 ), and M is the mass (g) of the biochar before each leaching. Total dissolved nitrogen (DN) content (mg L −1 ) in each biochar leachate was also measured spectroscopically using a persulfate digestion method (Hach Company, method 10071). Water-soluble nitrogen (WSN, mg g −1 ) was determined as where V is the total volume (L) of the leachate, N is the DN (mg L −1 ), and M is the mass (g) of the biochar before each leaching. WSOC and WSN were then normalized to total biochar C and N, respectively, as measured by elemental analysis.
UV-Vis analysis
UV-Visible absorption was measured using a Hach DR 6000 spectrophotometer within a spectrum of 200-900 nm at 1 nm increments, in a 10 mm quartz cuvette. Blanks of DI water were used as reference and were automatically subtracted from the sample absorbance. The leachates were allowed to come to room temperature before analysis and diluted to 3 mg L −1 DOC with DI water before analysis to bring the absorbance within range of the spectrophotometer. The absorption coefficient (a; m −1 ) at each wavelength (λ) was calculated using the following equation:
where A λ is the absorbance and l is the optical cell path length (m). The specific UV absorbance at 254 nm (SUVA 254 (L mg −1 m −1 )) was calculated as
where a 254 is the absorbance coefficient at 254 nm normalized to the DOC content (mg L −1 ). Aromaticity has been reported to increase with increasing SUVA 254 (Weishaar et al. 2003 ).
Statistical analyses
Biochar application rates were found to not affect physiochemical properties (Table S1 ) measured in this study. Thus, single applications (25 and 50 t/ha in 2009) and double applications (25 + 25 and 50 + 50 t/ha in 2009 and 2011), both originally n = 2 each, were combined and treated as four-field replicates, resulting in four biochar composite samples weathered for 7 years and four biochar composite samples weathered for 5-7 years. Differences in physiochemical properties between unweathered and weathered biochars were analyzed by a one-way ANOVA and the Tukey-Kramer (Tukey's honest significant difference criterion) post hoc test, and were considered statistically significant when p ≤ 0.05. Data were analyzed using MATLAB software (R2018a).
Results
Biochar elemental composition
Weathering had a statistically significant effect on the elemental composition of the biochars (Fig. 1 ). The C content of the unweathered biochar was (80.2 ± 0.9)% by mass and decreased (p < 0.001) with weathering to an average of (75.6 ± 1.6)% by mass in the 5-7 year weathered biochars and (75.1 ± 1.9)% by mass in the 7 year weathered biochars, representing a 5.8%-6.5% relative decrease in biochar C. In contrast, the N content of the unweathered biochar was (0.8 ± 0.1)% by mass and increased (p < 0.001) to (1.2 ± 0.1)% and (1.3 ± 0.2)% by mass in the 5-7 and 7 year weathered biochars, respectively, representing a 43.0-56.6% relative increase in biochar N with weathering. Average hydrogen content decreased (p = 0.01) from (2.0 ± 0.2)% by mass in the unweathered biochar to (0.9 ± 0.3)% by mass in the 5-7 year weathered biochars and to (0.7 ± 0.6)% by mass in the most weathered biochars: a relative decrease of 55.3-65.4% in biochar H. Oxygen content, determined as the difference between the sum of C, H, N, and ash contents and unity, increased with weathering (p = 0.01), from (4.9 ± 0.2)% by mass in the unweathered biochar to (10.9 ± 1.4)% by mass in the 5-7 year weathered biochars to (8.6 ± 3.1)% by mass in the 7 year weathered biochars: a relative increase of 74.5-121% in biochar O.
(5) SUVA 254 = a 254 ∕DOC, Consequently, weathering in the field also had an effect on the elemental atomic ratios of the biochars (Fig. 2 ). The C:N ratio of biochars decreased (p < 0.001) from 113.1 ± 9.1 in the unweathered biochar to 74.9 ± 8.2 and 68.3 ± 8.8 in the 5-7 and 7 year weathered biochars, respectively, representing a 33.7-39.6% relative decrease in the C:N ratios of biochar with weathering. Biochars also became more aromatic, as the H:C ratio decreased (p = 0.02) from 0.30 ± 0.03 in the unweathered biochar to 0.14 ± 0.04 and 0.11 ± 0.10 in the 5-7 and 7 year weathered biochars, respectively, representing a 51.7-62.8% relative decrease in the H:C ratios of biochar with weathering. In contrast, the O:C ratio of biochars increased (p = 0.01) from 0.05 ± 0.002 in the unweathered biochar to 0.11 ± 0.02 (5-7 year weathered biochars) and 0.09 ± 0.03 (7 year weathered biochars), representing a 90.6-138.8% relative increase in the O:C ratios of biochar with weathering.
The carbon-oxidation state (C ox ) of biochars (Fig. 2 ) increased (p = 0.004) from 0.13 ± 0.01 in the unweathered biochar to 0.33 ± 0.04 (5-7 years) and 0.28 ± 0.09 (7 years) in the weathered biochars. The weathered biochars were not statistically different from one another and represented a 117.6-158.2% relative increase in the oxidation state of this biochar mixture with weathering in the field.
Biochar thermal stability and recalcitrance
The distribution of CO 2 evolved from the thermal decomposition of unweathered and weathered biochars are shown in Fig. 3 . Although only semi-quantitative, changes in the thermochemical stability of biochars with weathering are illustrated by the development of a relatively low-temperature shoulder around 450 °C in the field-weathered biochars and by a change in the proportion of CO 2 evolving at temperatures greater than 530 °C, which is the average CO 2 -T max (peak decomposition temperature) of the unweathered biochar. The shifts from (23.4 ± 3.7)% of CO 2 evolved above 350 °C in the unweathered biochar to (31.3 ± 3.5)% and (38.2 ± 9.1)% in the 5-7 and 7 year weathered biochars, respectively, represent a 33.6-63.5% relative increase in the proportion of biochar C decomposing at temperatures greater than 530 °C with weathering. However, due to variability in the thermochemical stability of biochars among the field plots ( Fig. S1 ), this increase in the proportion of material decomposing at higher temperatures was statistically significant only at the 90% (p ≤ 0.1) confidence level (p = 0.08). The increase in CO 2 -T max with weathering was not statistically different (Table 1) between the unweathered and field weathered biochars (p = 0.17), potentially and weathered (green and blue; n = 4, respectively) biochars. Letters (a, b) indicate statistically significant differences between the means of the unweathered and weathered biochars due to increasing biochar variability among the single application field plots (Table S1, Fig. S1 ). DSC-T 50 , TG-T 50 , and CO 2 -T 50 (temperatures at which 50% of the exothermic energy has been released, total mass loss has been lost, and CO 2 has been evolved, respectively) are also commonly used to infer differences in thermochemical stability (Plante et al. 2011; Rovira et al. 2008 ). These temperature indices (Table 1 ) also showed no statistically significant changes in the stability of the biochar with field weathering due to the large variabilities (> 10 °C) associated with the 7 year weathered biochars.
The energy return-on-investment ratio (ROI) of the biochars (Table 1) , which is related to the biodegradability of pyrogenic organic matter, was not statistically different between the biochars (p = 0.67). While all the biochars would be classified in the group of intermediate C sequestration potential and recalcitrance (compared to graphite) as defined by Harvey et al. (2012) , the biochar recalcitrance index (R 50 ) was similarly not statistically different between the weathered and unweathered biochars (p = 0.43).
Biochar solubility
The total WSOC (expressed as % of biochar C) solubilized after the three laboratory leachings from the unweathered Fig. 2 Elemental ratios (C:N, H:C, and O:C) and carbonoxidation state (C ox ) of the unweathered (orange; n = 2) and weathered (green and blue; n = 4, respectively) biochars. Letters (a, b) indicate statistically significant differences between the means of the unweathered and weathered biochars Fig. 3 The evolved CO 2 thermograms for the unweathered (n = 2) and field-weathered biochars (n = 4, respectively). Averages are represented by the solid lines, and standard deviations by dashed lines. CO 2 is normalized to total CO 2 (ppm) evolved during thermal decomposition of the biochars. The grey-shaded area highlights the development of a shoulder in the weathered biochars and the vertical black line is the average CO 2 -T max of the unweathered biochar at 530 °C. Note, baseline-corrected thermograms are vertically offset for clarity biochar (0.27 ± 0.11)% was nearly double (p = 0.02) that of the 5-7 year (0.11 ± 0.02)% and 7 year (0.14 ± 0.04)% weathered biochars (Fig. S2) , which were not statistically different. The WSOC solubilized from the unweathered biochar decreased over the three leachings (p = 0.01) from (0.19 ± 0.11)% in leach 1 to (0.04 ± 0.02)% in leach 3 (Fig. 4) . Neither of the weathered biochars showed a difference in the proportion of WSOC solubilized over the three leachings (5-7 years: p = 0.04; 7 years: p = 0.47). For the 5-7 year biochar, the overall treatment effect was significant (p = 0.04), but the pairwise comparison of WSOC versus leaching number (by Tukey post hoc test) was not statistically significant. In the first leaching, the WSOC solubilized from the unweathered biochar was significantly greater than the weathered biochars (p = 0.03), however, in the subsequent leachings, the proportion of WSOC was not different between the weathered and unweathered biochars (L2: p = 0.21; L3: p = 0.73).
The total WSN (expressed as % of biochar N) solubilized after the three laboratory leachings was not statistically different (p = 0.23) between the biochars: unweathered biochar = (2.32 ± 2.39)%, 5-7 year biochar = (8.09 ± 5.80)%, 7 year biochar = (4.65 ± 2.53)% (Fig. S2 ). Only the 7 year weathered biochar showed a decrease in WSN solubility over the three leachings (p = 0.03); the 5-7 year biochar (p = 0.08) and the unweathered biochar (p = 0.35) showed no variation in the amount of WSN solubilized over the leachings (Fig. 4) . However, there was no statistical difference in the WSN (%) between any of the biochar leachates in the individual leachings, respectively (L1: p = 0.13; L2: p = 0.47; L3: p = 0.89) (Fig. 4) . The water-soluble C:N (WSOC:WSN) ratios (Fig. 4 ) did not change for any of Table 1 Average (± standard deviation) stability indices from thermal analysis of the unweathered (n = 2) and field-weathered biochars (n = 4, each)
DSC-T 50 is the temperature at which half of the exothermic energy has been released, TG-T 50 is the temperature at which half of the total mass lost during the thermal analysis been lost, CO 2 -T max is the peak decomposition temperature, CO 2 -T 50 is the temperature at which half of the CO 2 has been evolved, ROI is the return-on-investment (biodegradability) index, and R 50 is the recalcitrance (relative to graphite) index the biochars over the three leachings (0 years: p = 0.26; 5-7 years: p = 0.33; 7 years: p = 0.25). Only in the first leaching was the WSOC:WSN significantly different (greater) in the unweathered biochar than the weathered biochars (L1: p = 0.03; L2: p = 0.21; L3: p = 0.52). Aromaticity, as indicated by the SUVA 254 index, of the unweathered biochar displayed no statistically significant change over the three leachings (p = 0.06) (Fig. 4) . Only the DOC of the 5-7 year weathered biochars showed an increase in aromaticity over the laboratory leachings (5-7 years: p = 0.02; 7 years: p = 0.35). In the first leaching, the SUVA 254 of leached DOC from the unweathered biochar was significantly less than the weathered biochars (p = 0.02).
Based on the linear model developed by Weishaar et al. (2003) , the percent of aromatic material initially leached from the unweathered biochars was (5.94 ± 2.16)% and increased to (15.55 ± 9.81)% and (42.02 ± 23.86)% from the 5-7 year and 7 year weathered biochars, respectively. However, in the subsequent leachings, the percent aromaticity of biochar-derived DOC was not statistically different between the weathered and unweathered biochars (L2: p = 0.61; L3: p = 0.24), averaging (22.03 ± 14.42)% for the unweathered biochar, (47.59 ± 14.63)% for the 5-7 year weathered biochar, and (51.81 ± 38.20)% for the 7 year weathered biochar.
Discussion
Variation in biochar elemental composition with weathering
Several studies report an increase in biochar C concentration (Dong et al. 2017; Mukherjee et al. 2014 ) with field and artificial weathering, similar to what we observed after repeated leaching in the laboratory but opposite of what we observed over time in the field-weathered biochars. Studies observing increases in biochar C concentrations attribute this increase to the sorption of microbially produced organic matter (Mukherjee et al. 2014 ). However, microbial colonization was found to be very sparse on both the internal and external surfaces of biochars from this same field experiment after 3 years, with 17% of biochar pores being too small for microbial habitation (Quilliam et al. 2013) . Over time, microbial colonization is expected to increase as has been demonstrated in natural forest fire PyOM aged 100 and 350 years (Hockaday et al. 2007; Zackrisson et al. 1996) , likely the result of initial abiotic alteration of the biochar. However, on shorter time scales, Quilliam et al. (2013) suggested that this biochar would be a nutrient poor and potentially toxic environment for microbial colonization, thus reducing the likelihood of the sorption of microbial organic matter onto biochar surfaces.
The rate of biochar C loss observed in this study (0.9-1.2% relative decrease in C per year compared to initial biochar C concentrations) was approximately double the individual observed losses of black C attributed to microbial decomposition of biochar (0.5% C per year; Maestrini et al. (2014) ) and to leaching of DPyOM (0.5% C per year; Major et al. (2010) ) which suggests a combination of these processes (leaching and microbial decomposition) as the dominant factors controlling biochar C contents after 7 years of field weathering. It is possible that there was a combination of biochar C solubilization/decomposition coupled with sorption of microbially derived or root-derived C during the weathering process; however, the net loss of C measured further suggests leaching and microbial degradation as the dominant factors controlling biochar C contents.
Decreases in biochar C coupled with increases in biochar N as observed in this study were also reported by de la Rosa et al. (2018) and Sorrenti et al. (2016) for biochar buried in soil for 24-48 months, although the relative rate of C loss was much higher (11-27%) than in this study. Biochar C losses were also found to have occurred and stabilized rapidly, often less than 1 year after field application, and were attributed to leaching (or solubilization) or mineralization (de la Rosa et al. 2018) . Such rapid leaching of biochar C after soil application would explain the lack of difference in the C contents of the 5-7 year and 7 year weathered biochars in this study. Aside from relative enrichments in biochar N, by the loss of biochar C, we expect that the increase in biochar N is also likely the result of sorption of N from fertilizers applied over the course of the field study as well as the sorption of other organic N containing compounds (de la Rosa et al. 2018) from dissolved organic matter, root exudates, and microbial by-products.
Increased oxygen content is also an expected effect of biochar weathering and increases in C oxidation state and O-alkyl groups from 13 C NMR (de la Rosa et al. 2018; Mukherjee et al. 2014 ) are commonly reported (Cheng et al. 2006 (Cheng et al. , 2008 , suggesting that with weathering, biochar surfaces become increasingly less aromatic and more functionalized [with hydroxyl, carbonyl, and carboxyl groups (Smith et al. 2015) ]. Oxidation of PyOM in soil has important implications for its stability (Czimczik and Masiello 2007) and solubility. Oxygenated functional groups on biochar surfaces could alter cation exchange capacity, surface charge, and water-holding capacity (Suliman et al. 2016) . Increased surface C ox is expected to affect the solubility and the absorptive ability of biochar surfaces, such as the increased production of soluble PyC clusters (Abiven et al. 2011 ). The C ox of biochar in this study more than doubled with weathering in the field, supporting an increase in surface-oxygenated compounds and suggesting an increase in the proportion of aromatic WSOC solubilized over time.
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Variation in biochar solubility with weathering
The amount of WSOC extracted from the unweathered biochar was similar to other studies involving woody biochars (Liu et al. 2019) . Water extraction of dissolved organic matter is considered to be more environmentally relevant and realistic compared to acid or base extractions and the rapid decrease in DOC concentration in the unweathered biochar leachate over time suggests that the majority of DOC was solubilized during the first laboratory leaching. We hypothesized that weathered biochars will be less soluble than unweathered biochar (i.e.,that the proportion of organic C solubilized will be decreased in weathered biochars) and the lack of significant fluctuation in the DOC of the weathered biochars suggests that the majority of DOC had been leached from the biochars during field weathering and prior to laboratory leaching. It is important to note that in one unweathered biochar sample subjected to nine repeat leachings, DOC continued to be solubilized (even if in small concentrations, Fig. S3 ). Similar findings of rapid leaching of DOC from biochar followed by a decline or near-steady rate of DOC solubilization have been noted in laboratory studies (Jamieson et al. 2014 ) and likewise the continued solubilization of DPyOM years after burning events has been observed in natural settings (Jaffe et al. 2013) .
The SUVA 254 of the WSOC from the unweathered biochars and the two weathered biochars increased over the course of the field experiment, indicating an increase in aromaticity of biochar-derived dissolved organic matter. Similar increases in DPyOM aromaticity with weathering were reported by Abiven et al. (2011) and attributed to increased oxidation of biochar surfaces. SUVA 254 was found to be negatively correlated to the biodegradability of dissolved organic matter in forest and wetland soils (Fellman et al. 2008) . This suggests that the increase in SUVA 254 combined with the decreases in total WSOC and in the C:N ratio of the biochar-derived dissolved organic matter observed after weathering could be the result of early degradation of the labile fraction of the biochar, which would increase the proportion of recalcitrant aromatic compounds solubilized from the biochars over time.
Several studies have proposed that physiochemical changes occurring during biochar weathering are critical for the sorption of N containing compounds on to PyOM surfaces (Seredych and Bandosz 2007; Wang et al. 2015) . Due to the lack of variability in WSN between the weathered biochars and the unweathered biochar both with field weathering and during laboratory leaching, we are unable to distinguish the solubilization of adsorbed N containing compounds (originating from dissolved organic matter, root exudates, and microbial by-products, or fertilizers) from biochar surfaces versus the dissolution of biochar N. In column experiments with soil/biochar mixtures, Mukherjee and Zimmerman (2013) found evidence of both soil N sorption by biochar and biochar N sorption by soil. In the same study, weathered (9 months) woody biochars released two to six times more total N than freshly made biochars and solubilization of biochar N was found to be correlated with biochar volatile organic matter content. Jassal et al. (2015) found that biochars sorbed up to 5% N by mass (from an ammonia-nitrate fertilizer) and that the retained N, which persisted through KCl extraction, was strongly held in complex bonds (physical adsorption), regardless of the source of N. Volatile matter (calculated as the difference of biochar C and ash contents from unity) was the highest in the weathered biochars of this study, suggesting increased biochar N solubility with weathering. However, it is possible that the weathered biochars adsorbed N from the soil environment that offset the losses of biochar N and resulted in no statistical difference in WSN measured over time.
Variation in biochar recalcitrance with weathering
The relatively small amounts of biochar C loss attributed to solubilization and mineralization over the 7 years of weathering, to which we attribute to the labile PyOM pool, suggest that this biochar has potential for soil C sequestration. Chemical recalcitrance (degree of condensation of the PyOM molecular structure), interactions with the soil mineral matrix, and other environmental conditions are expected to contribute to the stability of PyOM in soils (Bird et al. 2015; Bruun et al. 2008; Harvey et al. 2016; Jindo and Sonoki 2019; Singh et al. 2012; Ventura et al. 2019; Zimmerman 2010) . Strong inverse relationships between microbial mineralization of biochar (after 1 year) and the recalcitrance index, R 50 (which compares the thermal stability of biochar to that of graphite), were observed by Harvey et al. (2012) for woody and grass biochars. All biochars in this study were found to have an "intermediate" C sequestration potential (Class B), between that of soot/graphite and uncharred plant biomass, regardless of weathering extent. These R 50 values combined with relatively low ROI values [compared to those studied by Harvey et al. (2016) ] indicate that the microbial decomposition of the biochars in this study would be dominated by co-metabolism. Co-metabolism is the simultaneous degradation of two substrates, in which the degradation of the secondary substrate, in this case the biochar, depends on the presence of a primary substrate (glucose, dissolved organic matter, etc.), and is also known as the priming effect (Luo et al. 2011; Zimmerman and Ouyang 2019) . The ROI values associated with our biochar suggests relatively low biodegradability on "short to medium time scales" according to Harvey et al. (2016) . Assuming steady-state average losses of 0.9-1.2% biochar C year −1 suggests a relatively high turnover rate and low biochar residence time of 83-111 years for the pyrolysis temperature and feedstock (450 °C, mixed hardwood). Because of the physiochemical changes occurring during weathering and the evidence that PyOM exists in labile and refractory pools (Bird et al. 2015) , it is unlikely that rates of biochar C loss are constant over time. It is possible, however, that this rate may represent the turnover of the labile biochar C pool, as biochars produced within the 400-600 °C range are expected to be dominated by semi-labile (decadal) and stable (centuries to millennia) pools (Bird et al. 2015) . This steady-state residence time is also much lower than that indicated by the O:C ratio, which is reflective of all of the multiple parameters during the production and aging of biochar (Cross and Sohi 2013; Spokas 2010) . The low atomic O:C ratios (< 0.2) of both the weathered and unweathered biochars suggest half-lives of > 1000 years according to the biochar recalcitrance classification system of Spokas (2010) , in which higher O:C ratios of 0.58-0.68 are characteristic of woody biomass and low O:C ratio of approximately 0.00 is characteristic of graphite (Bird et al. 2015; Spokas 2010) . Additionally, lower O:C values are associated with biochars produced at higher temperatures (Bird et al. 2015; Cross and Sohi 2013; Keiluweit et al. 2010; Spokas 2010) , which are of higher stability. The increasing biochar O:C ratios with weathering indicates a small decrease in biochar stability over time. Contrary to our hypothesis, there was no measurable difference in the thermal recalcitrance (R 50 ) or biodegradability (ROI) parameters between the weathered and unweathered biochars. Also contrary to our hypothesis, the decrease in recalcitrance as indicated by the C:O ratio suggests increasing biodegradability with weathering. While the two thermal parameters have shown promise in characterizing and differentiating the stability of different types of biochar, these contrasting results suggest that they are not sensitive enough to detect changes in the stability of the same biochar during short-term weathering.
Conclusions
In this study, we examined whether weathering under field conditions would increase the recalcitrance, decrease the biodegradability, and decrease the solubility of solid biochar particles over time. The results of this study support the usage of biochar as a short-term C sequestration mechanism and suggest that for similar biochars with progressive weathering, there will be continued solubilization of increasingly aromatic, recalcitrant dissolved biochar-derived C compounds. Second, our results also suggest that biochars will experience little-to-no change in recalcitrance or biodegradability during short-term (years) weathering after field application and that the mixed-hardwood biochars used in this study have half-lives of over 1000 years.
